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Phosphorylation of Epidermal Keratins 
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When human and rat epidermis are exposed to 32P-
orthophosphoric acid, labeled phosphate is incorporated 
into several proteins. The pattern of phosphorylation is 
identical whether the isotope is delivered in vivo or in 
vitro. The predominant phosphorylated proteins are in-
soluble in Tris-HCl buffer but soluble in SDS-P-mercap-
toethanol. They migrate in SDS-polyacrylamide gels 
with apparent molecular weights between 45,000 and 
65,000. When analyzed by two-dimensional gel electro-
phoresis, the labeled phosphoproteins co-migrate with 
keratins isolated from human callus. Serine is the phos-
phate acceptor in these proteins. 
The pattern of phosphorylation of these SDS-P-mer-
captoethanol soluble epidermal proteins is not changed 
in basal cell carcinoma, icthyosis vulgaris, Kyde's dis-
ease or Netherton's syndrome. The pattern is altered in 
psoriasis. Others have demonstrated that a 63,000 mo-
lecular weight protein is absent from active psoriatic 
lesions. We have found that a 63,000 molecular weight 
phosphoprotein is present in uninvolved skin but absent 
in the psoriatic plaques. 
The importance of cycl ic nucleotides in the control of epider-
mal proliferation has become apparent from a number of studies 
within recent years [1-8]. The focus of these past investigations 
has been upon the effect of alterations in cyclic nucleotide levels 
on the tissues under study. It has been shown that cyclic AMP 
and cyclic GMP levels influence a variety of biochemical path-
ways through modifications in the activity of protein kinases 
which in tum alter the phosphorylation of a number of nucleaJ·, 
cytoplasmic and membrane proteins. Studies of phosphOI'ylated 
epidermal proteins have been limited although evidence does 
exist that the tissue contains active, cyclic nucleotide-dependent 
and-independent protein kinases and that a number of cyto-
plasmic and membrane proteins ru·e actively phosphorylated 
(9-14]. 
The studies detailed in this communication were designed to 
define specifically which epidermal proteins were phosphoryl-
ated. The data detailed below indicate that phosphate is incor-
porated into serine residues in the keratin polypeptides and 
that the keratins are among the majOJ' phosphoproteins in 
mammalian epidermis. 
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Abbreviations: 
SDS: sodium dodecyl sulfate 
SDS-ME: 2% SDS, 10 mM ,8-mercaptoethanol 
TCA: trichloroacetic acid 
UREA-ME: 8 M urea, 10 mM ,8-mercaptoethanol 
MATERIALS 
Male, Sprague-Dawley rats, 125-200 gm, were obtained from Chru·les 
River Labs. Carrier-free '12P-orthophosphoric acid, 10mCi/ml, was pur-
chased from New England Nucleru· Corporation. Neet, a commercial 
depilatory from Whitehall Laboratories, Inc. , was used to remove hair 
shafts prior to experiments. 
Bio-Had acrylamide, bis-acrylamide, TEMED, sodium dodecyl sul-
fate (SDS) and ammonium persulfate were used in the prepru·ation of 
acrylamide gels. Coomassie brillant blue was pmchased from Schwarz-
Mann. Constant boiling (6 N) HCl was obtained from Pierce and 
0 -phosphoserine and 0-phosphothJ·eonine standards were from Sigma. 
All other chemicals were of reagent grade obtained from a vru·iety of 
sources. 
METHODS 
P hosphorylation of epidermal proteins was measUJ"ed in four systems: 
in vivo (1) in adult rat and (2) in cul tured human epidermal cells; in 
vitro (3) in t issue slices of adul t rat skin and (4) in biopsy samples from 
normal human skin and from patients with a vru·iety of hyperproli fer-
ative epidermal diseases. 
In Vivo Phosphorylation: 
1. Adult rats (125-200 gm) were injected subcutaneously with '12P-
orthophosphoric acid at lO !LCi/gm body weight. After 2-3 hr the rats 
were sacrificed by exsanguination, shaven and treated with Neet to 
eliminate residual hair shafts . The skin was removed, thoroughly 
washed with water to remove excess depilatory then rinsed in several 
changes of Krebs-Ringer bicru·bonate buffer, pH 7.4. The epidermis was 
hru·vested by stretch sepru·ation, homogenized by hand in a glass-glass 
t issue grinder for 3 min in approximately lO vol of 25 mM Tris-HCI, pH 
7.4 , and centrifuged at 4°C for 30 min at 20,000 X g to yield a Tris-HCl 
soluble supernatant and an insoluble pellet. The pellet was subse-
quently re-extracted and re-centrifuged twice with 25 mM Tris-HCl, pH 
7.4 . The fina l pellet was extracted with either SDS-ME (2% SDS, 10 
111M ,8-mercaptoethanol, 10 mM Tris-HCI, pH 7.4) or UREA-ME (8 M 
w-ea, 10 mM ,8-mercaptoethanol, 10 mM Tris-HCl, pH 7.4) and centri-
fuged at 20,000 Xg for 20 min. The supernatants were analyzed by 
electrophomsis and autoradiography as described below. 
2. The cultured human epidermal cells were a gift from Drs. Steven 
Passman and Tung-Tien Sun. These cells derived from foreskin were 
grown in the presence of lethally irradiated fibroblasts (3T3 cells) 
according to the method of Rheinwald and Green [15]. The culture 
medium was Dulbecco's modified Eagle's supplemented with 20% fetal 
calf serum and 5 /lg/ ml hydJ·ocortisone. The medium contained 32P -
orthophosphate at a fina l specific activi ty of 111 mCi/mmole phos-
phate. Cul ture dishes used for phosphorylation studies were approxi-
mately 40-60% confluent. Cultm e medium was supplemented with 25 
mM HEPES buffer, pH 7.2, to maintain pH during the experiment. To 
terminate the incubation '12P-labeled medium was removed, cells were 
washed with fresh unlabeled medium and were incuba ted with 0.1% 
EDTA to remove fibroblasts from the cul ture dish. The epithelial cells 
were lysed with SDS-ME buffer and this extract, containing both 
water-soluble and-insoluble proteins, was analyzed by electrophoresis 
and autoradiography as de cribed below. 
In Vitro Phosphorylation 
3. and 4. Four millimeter punch biopsy samples were removed from 
epilated dorsal skin of adult rats or from involved and uninvolved ru·ea 
of skin of patients with a vru·iety of epidermal diseases. The specimens 
were sliced on a Stadie-Higgs microtome to yield sections composed of 
the entire epidermis and the superficia l papi llary dermis. The slices 
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were incubated in a water bath at 37°C for various t imes in the HEPES-
supplemented Dulbecco's medium used for ce ll culture. The "2P-ortho-
phosphate was present at a specific activity of 111 mCi/mmole. Incu-
bation was terminated by immersing the samples in unlabeled ice-cold 
Dulbecco's medium. The sl ices were heated at 56°C for 30 seconds in 
Krebs-Ringer buffer without phosphate after which the epidermis could 
be readily removed from the dermis by gentle scraping. Epidermis was 
homogenized and fractionated into buffer-soluble and buffer-insoluble 
samples as described above. 
Electrophoresis, Autoradiography and Determination of Phosphate 
Incorporation 
SDS-ME soluble samples obtained from the several types of tissue 
were analyzed by SDS gel electrophoresis using a modification of the 
method of Laemmli [16). The UREA-ME soluble samples were ana-
lyzed by the two-dimensional electrophoretic system of O'Farrell [1 7). 
Slab gels were dried in a Hoefer drying apparatus. Autoradiograms 
were prepared by placing the dried gels in contact with Kodak XRP 
ftlm and exposing for 1-8 days. To determine the extent of 32P incor-
poration, an al iquot of the aqueous or the water-insoluble fractions was 
made 10% with respect to trichloroacetic acid (TCA), the precipitate 
was freed of nonprotein phosphate as described by Britte and Kabat 
[18], collected on GFA glass fiber filters and the radioactivity was 
analyzed in 10 ml of Econofluor in a Packard 3375A scin tillation 
spectrometer. The protein contents of the Tris-HCl-soluble and 
the SDS-ME soluble fractions were determined by the Lowry method 
[19). 
pH Stability of Epidermal Phosphoproteins 
The "2P-labeled, SDS-ME soluble fractions from epidermis were 
assayed for stability of the phosphate bond as a function of pH 
according to a modification of the method of Anthony and Spector 
[20). Duplicate samples containing approximately 100 J.tg of protein 
were incubated at 55°C for 2 hr in buffers varying in pH from 1.2 to 
13.5. The reaction was stopped by the addition of TCA to a final 
concentration of 10%. TCA insoluble materia l was pelleted and col-
lected on GFA glass fiber filters and the azp content was determined in 
Econofluor by liquid scintillation spectrometry. 
Detection of 0-Phosphosf!rine and 0-Phosphothreonine in 
Epidermal Hydrolysates 
The a2P-labeled SDS-ME solu ble proteins from epidermis were sub-
jected to limi ted acid hydrolysis and the component amino ac ids were 
fractionated by high-voltage paper electrophoresis at pH 1.9 to identify 
the phosphorylated residues. Approximately 2 mg of SDS-ME soluble 
epidermal protein were precipitated with 1.0% TCA and the nonprotein 
phosphate was removed as described above. The resulting precipitate 
was resusP.ended in 1 mJ of 6 N HCl and heated at 105°C for 4 hr in a 
sealed, evacuated, hydrolysis tube. The hydrolysate was evaporated to 
dryness and the residue dissolved in 1.00 ul of 2.5% formic acid, 7.8% 
acetic acid, pH 1.9. A 10 J.l.g a liquot was electrophoresed on Whatman 
3 MM paper (50 X 30 em) at 3000 vol~ for 2 hr using a Savant flat bed 
high voltage electrophoresis unit. Standards were 0 -phosphoserine (5 
J.tg) and 0-phosphothreonine (5 J.l.g). The chromatogram was dried in 
air and amino acid residues were visualized by staining with cadmium-
ninhydrin [20]. Phosphate was visualized by staining with molybdate-
perchloric acid [21). Autoradiographic analysis of the chromatograms 
was performed against Kodak XRP film to determine the migration of 
radioactive compounds relative to the marker phosphorylated amino 
acid standru·ds: 
RESULTS 
In Fig 1 1He displayed the electrophoretograms and autora-
diograms of the aqueous and SDS-ME soluble proteins of rat 
epidermis and cultured human epidermal cells following expo-
sme to "2P-orthophosphoric acid. The SDS-ME soluble protein 
patterns (human, A and rat, B) are similar and correspond in 
part to migration patterns of proteins. previously identified as 
keratins [22-28]. ln the SDS gel system we use, the major 
keratin bands from rat epidermis have apparent molecular 
weights of 46,000, 54,000 and 65,000 and those from cultmed 
human epidermal cells have apparent molecular weights of 
44,000, 54,000 and 55,000. 
The autoradiograms of the Tris-HCl soluble extracts indicate 
that multiple protein species are phosphorylated (seen best in 
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FIG 1. Electrophoretogram of: A , cultured human epidermal cells 
'"P -labeled, SDS-ME extract; B , adult rat epidermis 32P-labeled in viv~ 
SDS-ME fraction a nd C, adult rat epidermis 32P-labeled in. vivo, Tris-
HCl extract. A', B' and C' are the corresponding autoradiograms. The 
moleculru· weight standards (Std) are: bovine serum albumin-68,000, 
pyruvate kinase-57,000, chicken muscle actin-42,000, myoglobin-
26,000 and cytochmme C-17,000. In this and all subsequent electro-
phoretograms, the gels were stained with Coomassie brilliant blue. 
Fig 2) while the SDS-ME-soluble fractions from the tissues 
studied contain 3 discrete 32P-labeled regions (Figs 1, 2, 3). In 
the samples from adult rat epidermis, labeled either in vivo or 
in vitro (see Figs 1 and 2), the major phosphorylated species 
are SDS-ME soluble proteins whose migration in SDS-PAGE 
corresponds to approximate molecular weights of 46,000, 54,000 
and 65,000. 
As previously reported by Sun and Green [28], phosphoryl-
ated keratins are also present in cultured human epidermal 
cells. In om system the 3 major phosphorylated bands in human 
epidermis migrate with approximate molecular weights of 
44,000, 54,000 and 55,000. The 63,000 molecular weight protein, 
which occms as a phosphoprotein in normal human epidermis 
(see Fig 7), has previously been reported to be absent in the 
cultmed human epidermal cells [28). 
Time-course studies indicate that the proteins are phospho-
rylated simultaneously. A typical result is displayed (Fig 3). 
SDS-polyacrylamide gel electrophoresis is a valuable proce-
dw·e for separation of a variety of proteins and it can be used 
for preliminary moleculru· weight determination. Two-dimen-
sional gel electrophoresis, in which separation in the first di-
mension is based upon charge and sepa1·ation in the second 
dimension is based upon molecular weight, yields greater reso-
lution of protein species. In Fig 4 are reproduced two-dimen-
sional electrophoretograms of human callus, a readily available 
somce of authentic keratin, and of rat epidermis. There is 
significant correspondence between these 2 electrophoreto-
grams although the callus has an extra, high molecular weight 
marker protein. The keratin regions are superimposable and 
when :12P-labeled rat epidermal proteins are similarly studied, 
it is apparent that some of the keratin polypeptides are, in fact, 
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FJG 2. A a nd B are electrophoretograms of the SDS-ME and Tris-
HCl ext racts of adult rat skin labeled wi th 32P in vitro. A' and B' are 
t he corresponding autoradiograms. Comparison of these gels with those 
displayed in F.ig 1 shows that in uit.ro and in uiuo phosphorylation 
resul ts in the labeling of the same proteins. Standards (Std) used were 
the same as in Fig 1. 
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FIG 3. Autoradiogram of the time course of phosphorylation of adul t 
rat epidermis, in uit.ro. Biopsies of epilated adu lt rat skin were incubated 
for 15, 30 or 60 min. The epidermis was har vested by heat-separation 
and extracted to yield Tris-HCl soluble and S DS-ME soluble fractions 
as described in Methods. 75 p.g of each sample was analyzed by SDS gel 
electJ·ophoresis a nd a utoradiography. 
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FIG 4. Two-dimensional electrophoresis of: A, human callus, UREA-ME fraction. B, adult rat epidermis, UREA-ME fraction. C, autoradiogram 
of B . As shown by Sun a nd Green [28) the major protein species (UREA-ME fraction) prepru·ed from human callus migrate wi th isoelectric points 
between pH 5.0 and 6.0. A corresponding isoelectric pattern occurs when the UREA-ME fTaction from adult rat epidermis (B) is electrofocused. 
The proteins focusing at approximately 5.5 with moleculru· weights of 54,000 and 46,000 (arratvs, panel B) can be resolved into 2 vru·iants. The 
a utoradiogram indicates that only the more acidic variants are phosphorylated. T he UREA-ME fraction was run as a reference pattern in a single 
well (large arrow, panel C) in the SDS ge l. The autoradiogram indicates the posit ion of the 65,000, 54,000 and 46,000 molecular weigh t species. 
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phosphorylated. The phosphorylated proteins with molecular 
weights of approximately 40,000 to 54,000 have isoelectric points 
between pH 5 and 6 while the higher molecular weight species 
(60,000-70,000) are isoelectric between pH 7.5 and 8.5. 
The natm e of the phosphate associated with the epidermal 
proteins was elucidated in the studies detailed in the Table. 
The phosphate bond is stable in boiling trichloroacetic acid 
indicating that the radioactivity is in protein rather than nucleic 
acid contaminants. Ethanol-ether treatment reduces the acid 
precipitable phosphate indicating the presence of phospholipids 
in th e protein extract. Incubation at 37°C for 1 hr in the 
presence of 1 M hydroxylamine, 1 M succinic acid does not 
hydrolyze the phosphate indicating that the phosphate is not 
incorporated into an acyl linkage. The phosphate is no longer 
TCA-precipitable following proteinase K digestion. These data 
are further evidence that the phosphate is covalently bound to 
protein. Analysis of the radiolabeled samples by PAGE before 
and after removal of nonprotein-bound phosphate by the ex-
traction procedmes described in Methods yielded identical 
patterns (data not shown) . Figure 5 indicates that the phos-
phate bond can be hydrolyzed under alkaline but not under 
acid conditions. These characteristics are those of phosphate 
bound to the hydroxyl group on serine or threonine residues. 
Figure 6 displays a radio-chromatogram obtained when SDS-
ME-soluble 32P-labeled proteins from rat epidermis were sub-
jected to limited acid hydrolysis and subsequent high voltage 
paper electrophoresis. 32P-phosphoserine but not 32P-phospho-
threonine was detected. 
Figme 7 represents a series of autoradiograms of the SDS-
ME-soluble fractions of epidermis obtained from involved and 
Nature of phosphate associated with epidermal proteins 
Treatment 
10% trichloroacetic acid 90°C, 15 min 
Ethanol-ether, 60°C, 15 ·min 
1 M hydroxylamine, 1 M succinic acid pH 5.5, 
37°C, 60 min 
1 M succinic acid, pH 5.5 
Proteinase K, 37°C 60 min 
"'P incorporated 
(pmoles/aliquol) 
61 
21 
65 
60 
6 
All precipitates were solubilized in Protosol and counted in a liquid 
scintillation coun ter at an efficiency of 50%. The data in each category 
represent the average of four equa l aliquots of an SDS-ME extract of 
adult rat epidermis. 
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FIG 5. Hydrolysis of the phosphate bond of ""P-labeled adult rat 
epidermis (SDS-ME fraction) as a function of pH. The data are 
expressed as percent of unhydrolyzed control sample incubated at pH 
7.5, and represent duplicate samples from 2 experiments. The mean 
and range of experimental values are indicated. 
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FIG 6. High-voltage paper electrophoresis of a limited ac id hydrol-
ysis of the SDS-ME soluble, "2P-labeled proteins of adult rat epidermis. 
The autoradiogram (panel) indicates migration of ""P -phosphorylated 
a mino acids. The position of phosphorylated standards is indicated on 
the righ t. A radioactive spot was detected co-migrating with the 0-
phosphoserine standard. The only other radioactivity present on the 
chromatogram migra ted with the solvent front and cou ld be visual ized 
by staining with perchloric-molybdate but not with cadmium-ninhydrin 
indicating that it was orthophosphate not a phosphorylated amino acid. 
uninvolved skin from patients with a variety of epidermal 
diseases in which abnormalities of epidermal structure appear 
to exist. The diseases studied include Kyrle's Disease, Nether- . 
ton's Syndrome, basal cell carcinoma, ichthyosis vulgaris and 
psoriasis. The phosphorylation patterns are identical in all 
except the involved tissue of the psoriatic in which there is no 
phosphorylated band at 63,000. 
DISCUSSION 
A number of authors have studied protein kinases in mam-
malian skin and both cyclic nucleotide-dependent and cyclic 
nucleotide-independent enzymes have been identified. Most of 
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FrG 7. Autoradiogram of the SDS-ME fraction of epidermis from 
involved (right panels ) and uninvolved (left panels ) skin from patients 
with: A, B-Kyrle's Disease; C, D-Netherton's Syndrome; E, F -basal cell 
carcinoma; G, H-icthyosis vulgaris and I , J-psorias is. Three phospho-
r ylated bands in the 63,000 to 42,000 molecular weight range (brae/lets) 
are evident in all samples except the involved epidermis of the psoriatic 
patient (panel J) . 
t h ese studies have been under taken wi th exogenous substrates 
s uch as histones, casein, phosvi t in or membrane proteins. 
D ecker showed that endogenous epidermal proteins (not fur-
ther identified) were phosphoryla ted by the kinases [29]. H e 
also r eported over a decade ago that when beef snout, huma n 
epidermis or hairless mouse skin were incubated in Krebs-
Ringer buffer con taining 32P-orthophosphate, the phosphate 
was incorpora ted into protein soluble in 6 M w-ea which precip-
itated with keratin at pH 5.5 to 6.3. This incorpora t ion could be 
stimulated if tissues were incubated with the acan tholysis-pro-
ducing material cantha1·idin [30]. 
M ore recently, S un and Green examined t he possibili ty of 
phosphorylation of epidermal proteins. Following their obser-
vation of char ge heterogeneity among proteins of cul tured 
human epidermal cells a nalyzed in O'Farrell 's 2-dimensional 
gel-electrophor esis system, they examined cul tured huma n ker-
a tinocytes grown in the presence of inorganic :12PO. for 48 ru·. 
They noted that 2 proteins migra ting as kera tins were among 
t he most heavily phosphoryla ted proteins in the cells [28]. 
Although there are many questions which must still be an-
swer ed r egarding the pathways and controls of phosphorylation 
in ma mmalian epidermis, the data presented in this paper a nd 
t hese older data indicate t hat phosphorylation of epidermal 
k eratins takes place in vivo and in vitro and that the resul t ing 
p atterns of phosphorylation are ident ical wheth er the phos-
phate is deliver ed to a whole animal or to a slice of tissue. The 
k eratin polypeptides are among t he most heavily labeled with 
phosphate when tissue proteins are analyzed by polyacrylamide 
gel electrophoresis. T wo-dimensional gel electrophoretograms 
confirm this observa tion indicating that the keratin proteins 
themselves are phosphorylated rather tha n a minor con tami-
nat ing protein . These data ru·e consistent wi th recent reports 
from ot her la bora tories which indicate that intermediate (10 
nm) fl.lam ent proteins from several nonepidennal tissues can be 
phosphorylated [31-33]. Charge heterogeneity exists among the 
k era tin proteins and it is possible that this heterogeneity r esults 
from phosphorylation . H owever, we do not yet have the quan-
t itative data required to confu·m that this is the sole mechanism 
for the heterogeneity. 
Our t ime course studies ha ve indicated that phosphorylation 
of epidermal keratin is a rapid event wi th incorporation into all 
m ajor species evident by 15 min and occurring simultaneously. 
The phosphate can be released from the protein only when the 
protein itself is digested wi th a proteolytic enzyme. The phos-
p hate is not affected by exposw-e to hydroxylamine. 
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T h e stabili ty of the phosphate bond to changes in pH is 
further evidence that a true phosphoprotein is involved and ow-
cru·omotog:raphic studies indicate that serine is the phosphoac-
ceptor in keratin. 32P -phosphothreonine was not detected. 
The significance of our analysis of d iseased epidermis is not 
yet appru·ent. In 2 instances (normal vs. cul tw·ed cells; normal 
vs. path ologic t issue) we find that the basic pattern of phospho-
rylation of epidermal keratin is relatively unaffected by major 
changes in other parameters of growth and d ifferentiation. T he 
cha nge we have noted in involved psoriatic skin is not related 
specifically to phosphorylation . The 63,000 band is missing 
completely, a finding noted previously by others [27,34]. A 
related, fundam ental question which was una nswered by these 
studies per tains to the significance of keratin phosphorylation. 
There ar e many possibilit ies which can be extrapolated fro m 
other systems including roles in the polymerization of keratin 
filam ents, in the formation of the cytoskeleton, in interactions 
between the cytoskeleton and its cellular envu·onment, or as a 
transmitter system by which information moves from cell mem-
brane to nucleus. To gain a nswers to these questions ow- studies 
must now be extended to determine the state of phosphoryla-
tion of the specific kera t in polypept ides, to determine the 
enzymatic pathways by which phosphorylation occurs and to 
determine the cyclic nucleotide dependency, if any, of the 
r eactions. The major conclusion remains, however , that keratins 
ar e phosphoproteins . 
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